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by the full ab initio self‐consistent field theory and using the effective fragment (EFP) method. For each case,
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for the internal rotation are found to be in excellent agreement with their ab initio counterparts. The global
energy minimum structures for four and five water complexes are predicted to be formamide bonded to two
adjacent waters, with all water molecules in a ring. Probably due to the structural constraints, the complexes
containing less than four waters have cyclic structures with the two ends of formamide connected by a
sequence of water molecules. The internal rotation barrier of formamide–water complexes increases from 15.3
kcal/mol with no water to 19.0 kcal/mol with four waters and seems to saturate at four to five waters. When
electron correlation corrections are added, the estimated internal rotation barrier is ∼20 kcal/mol, in very
good agreement with experimental measurements.
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The effective fragment model for solvation: Internal rotation in formamide
Wei Chen and Mark S. Gordon
Department of Chemistry, Iowa State University, Ames, Iowa 50011
~Received 19 July 1996; accepted 19 September 1996!
The internal rotation of formamide with 0–5 water molecules oriented along the N–C bond has been
studied by the full ab initio self-consistent field theory and using the effective fragment ~EFP!
method. For each case, the EFP geometries, harmonic vibrational frequencies, rotational barriers,
and intrinsic reaction coordinates for the internal rotation are found to be in excellent agreement
with their ab initio counterparts. The global energy minimum structures for four and five water
complexes are predicted to be formamide bonded to two adjacent waters, with all water molecules
in a ring. Probably due to the structural constraints, the complexes containing less than four waters
have cyclic structures with the two ends of formamide connected by a sequence of water molecules.
The internal rotation barrier of formamide–water complexes increases from 15.3 kcal/mol with no
water to 19.0 kcal/mol with four waters and seems to saturate at four to five waters. When electron
correlation corrections are added, the estimated internal rotation barrier is ;20 kcal/mol, in very
good agreement with experimental measurements. © 1996 American Institute of Physics.
@S0021-9606~96!00948-8#
I. INTRODUCTION
The development of methods for treating solvation ef-
fects is an area of increasing activity. Most of these methods
are based on continuum models,1 but several of the more
recent methods include discreet solvent molecules.2 Both of
these approaches are important. Discreet methods permit the
incorporation of individual interactions between solute
~broadly defined! and solvent molecules, as well as solvent–
solvent interactions. Cleverly designed algorithms2–4 facili-
tate the efficient determination of the arrangements of the
solvent molecules and the ability to investigate solvation ef-
fects in excited states. Even with very efficient algorithms,
however, it is difficult to include a sufficient number of dis-
creet solvent molecules to realistically simulate bulk behav-
ior. Ultimately, one would like to interface a discreet solva-
tion model with a continuum method, in order to provide a
broad consistent picture of solvation chemistry and
dynamics.2~a!,2~e!,2~f!,2~h!
As a first step in such an endeavor, we have recently
introduced the ‘‘effective fragment potential’’ ~EFP! method
for treating discreet solvent effects.5,6 This model starts from
the ab initio Hamiltonian for the solute, which might be a
simple molecule, or a reacting group of molecules, plus some
~presumably small! number of solvent molecules. The re-
maining solvent molecules are then treated by adding their
effects as one electron terms in the ab initio Hamiltonian. At
present, the model has been developed at the Hartree–Fock
level of theory. So, these one-electron terms represent the
three types of interactions that one expects at this level of
theory: Electrostatic, polarization, and exchange repulsion/
charge transfer. Subsequent extensions of the model, already
under development, will include correlation in the ab initio
part of the treatment, and therefore, higher order solvent ef-
fects ~e.g., dispersion, exchange dispersion!.
In the present paper, following a summary of the solva-
tion model and the computational methods in Sec. II, we
illustrate the accuracy of the method by applying it to an
analysis of the internal rotation of formamide in the presence
of 0–4 water molecules in Sec. III. All calculations have
been performed using fully ab initio methods, and then by
systematically replacing ab initio water molecules by EFP
water molecules. Conclusions are presented in Sec. IV.
II. THEORY AND COMPUTATIONAL METHODS
A. The effective fragment method
As noted above, the effective fragment model treats each
solvent molecule explicitly, by adding one-electron terms di-
rectly to the ab initio Hamiltonian,
H5HAR1V, ~1!
where HAR is the ab initio Hamiltonian that describes the
‘‘action region’’ ~AR! of the system. The three one-electron
terms in V, representing the potential due to the solvent
~fragment! molecules, correspond to electrostatic, polariza-
tion, and exchange repulsion/charge transfer interactions. For
the mth solvent molecule, the effective fragment interaction
Hamiltonian with an electron in the AR is given by6
Vel~m ,s !5 (
k51
K
Vk
Elec~m ,s !1(
l51
L
Vl
Pol~m ,s !
1 (
m51
M
Vm
Rep~m ,s !, ~2!
where s represents the electronic coordinates. The three
terms on the right-hand side ~RHS! of Eq. ~2! represent the
electrostatic, polarization, and exchange potential/charge
transfer interactions, respectively. Similar terms are added to
represent the interactions between nuclei in the AR and sol-
vent molecules, as well as solvent–solvent interactions. Of
course, there are no exchange repulsion/charge transfer terms
in the nuclear–solvent interaction. The solute ~including the
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desired number of solvent molecules! is explicitly treated
with the ab initio wave function of choice, while the remain-
der may be represented by effective fragments.
An accurate, relatively compact, representation of the
electrostatic potential in the important interaction regions is
achieved using a distributed multipolar analysis7 ~DMA! of
the spectator charge distributions. K in the first term of Eq.
~2! is the number of expansion points. In the present imple-
mentation, each nuclear center and each bond midpoint is
chosen to be an expansion point, ~e.g., five expansion points
for a water molecule!, and the expansion is extended through
octupoles,
Vk
Elec~m ,s !5
qk~m!qs
rsk
2 (
a
x ,y ,z
ma
k~m!Fa~rsk!
2
1
3 (a ,b
x ,y ,z
Qab
k ~m!Fab~rsk!
2
1
15 (a ,b ,c
x ,y ,z ,
Vabc
k ~m!Fabc~rsk!, ~3!
where q , m, Q, and V are the charge, dipole, quadrupole, and
octupole, respectively, and Fa , Fab , and Fabc are the solute
electric field, field gradient, and field hessian. Since the ex-
pression in Eq. ~3! is a point charge model, it must be modi-
fied to account for overlapping electron densities as the mol-
ecules ~fragment and solute or fragment and fragment!
approach each other. This is accomplished by multiplying
the expression in Eq. ~3! by a distance-dependent cutoff
function,
Vk
Elec~m ,s !!@12bk~m!e2ak~m!rsk
2
#Vk
Elec~m ,s !. ~4!
The polarization of the spectator molecules by the elec-
tric field of the active ~ab initio! molecules @second term in
Eq. ~2!# is treated by a self-consistent perturbation model8
employing bond and lone pair localized orbital dipole polar-
izabilities aabl extracted from finite-field perturbed Hartree–
Fock calculations on isolated spectator ~fragment! molecules
and centered at the centroids of the L localized valence or-
bitals ~L54 for water!
Vl
Pol~m!52 (
a ,b
x ,y ,z
Fa~r1!aab
l ~m!^Fb~r1!&, ~5a!
axy
l 5 lim
Fy!0
mx
l ~Fy!2mx
l ~0 !
Fy
. ~5b!
Here, F is the field due to the ab initio part of the sys-
tem, while axyl is a component of the polarizability of the
fragment molecule.9
The exchange-repulsion/charge transfer interaction be-
tween the active and spectator molecules is modeled by one-
electron terms in the ab initio Hamiltonian that have the
form of simple Gaussian functions located at the spectator
atom centers ~J53 for water!
Vm
Rep~m ,s !5(j
J
bm , j~m!e
2am , j~m!r j ,s
2
. ~6!
The Gaussian functions are optimized by a fitting procedure.
Ab initio calculations are performed on some number of
points ~e.g., 192 for water dimer to represent water as the
solvent!. The ab initio exchange repulsion/charge transfer
potential is obtained by subtracting the sum of electrostatic
plus polarization energies from the total potential to obtain
the term E rem
(ab)
. Then, Vm
Rep is fitted to E rem
(ab)
D5(
p
p
wpF K CU(
m
M
Vm
RepUCL
p
2E rem
~ab !~p !G 2, ~7!
where wp is a weighting factor that has been set to unity in
the fitting process for water. C is the wave function of AR
and M is 2. The fragment–fragment interactions are treated
in a similar manner, except that exponential, rather than
Gaussian functions are used to represent the exchange-
repulsion/charge transfer interaction.
A schematic of the water dimer orientations used to fit
the repulsive potential is given in Fig. 1. The number in
parentheses by each orientation represents the number of
O–O distances ~ranging from 2 to 5 Å! used for that orien-
tation. For the fragment–solute interaction, a subset of 26
structures were used in the fit, while all 192 points were used
to fit the fragment–fragment interaction. The quality of the
FIG. 1. A schematic of the water dimer orientations used to fit the repulsive
potential. See the text for details.
11082 W. Chen and M. S. Gordon: Effective fragment model for solvation
J. Chem. Phys., Vol. 105, No. 24, 22 December 1996
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
129.186.176.217 On: Wed, 02 Dec 2015 15:05:24
fit may be assessed by reference to Table I. For low energy
structures ~interaction energies ,1.0 kcal/mol!, the rms error
is less than 0.5 kcal/mol for the solute–fragment interaction
and less than 0.2 kcal/mol for the fragment–fragment inter-
action. The agreement tends to deteriorate as the dimer struc-
tures move up the repulsive wall. These latter structures were
not included in the solute–fragment fit, and they are unlikely
to be important in most chemistry of interest.
The necessary equations have been derived6 and coded
for the analytic gradients of the entire ~ab initio1fragments!
system. The availability of analytic gradients means that one
can also perform vibrational analyses using finite differences
of these gradients. So, one can determine the manner in
which geometries and energetics of minima, transition states,
and reaction paths ~and therefore, the reaction dynamics! are
modified by the presence of the solvent. The entire code
described here has been added to the electronic structure
code GAMESS.10
B. Geometry optimizations
The searches for the minimum energy structures ~MIN!
and the transition states ~TS! for the internal rotation of the
amino group in the formamide–water complexes were car-
ried out in the laboratory-fixed Cartesian coordinate frame
~lab frame!. The potential energy surface in the lab frame for
the system containing the EFP’s can be expressed as a Tay-
lor expansion,
E~j5$x,Q%!5E~j0!1gTDj1 12DjTHDj1••• , ~8!
where x are the Cartesian coordinates for the atoms in the
action, or ab initio, region ~AR!, Q are the Cartesian coordi-
nates for the effective fragment potentials ~EFP’s! in the
fragment, or spectator region ~SR!, g is the gradient, and H is
the Hessian. For the mth EFP, Qm includes the three Carte-
sian components (Xm,Ym,Zm) for the translations of the cen-
ter of mass ~CM! and the three Cartesian components
(uxm ,uym ,uzm) for the rotations about the CM.6 The total num-
ber of degrees of freedom for the system is three times the
number of atoms in the AR plus six ~for three translations
1three rotations! times the number of EFP’s in the SR. The
gradient of the translational ~gT! and rotational ~gR! compo-
nents of the mth EFP is then
gT
m5 (
i
iPm
¹ iE , ~9a!
gR
m5 (
i
iPm
@~ri2rm!3¹ iE1ti# , ~9b!
where the index i runs over all expansion centers in the EFP,
ri and rm are the Cartesian coordinates of center i and the
CM, respectively. ti is the torque acting on the fragment
multipole or induced dipole expansion centers due to the
electric fields of the AR and the other EFP’s.
Two quasi-Newton-based algorithms, the quadratic ap-
proximation ~QA!11 and the eigenvector following ~EF!12
methods, were used for the geometry searches, with the nec-
essary modifications for including the EFP’s ~rigid rotors! in
the optimizations, as discussed above. The two methods pro-
vide similar efficiency in determining stationary points on
the formamide–water potential energy surfaces. Rather than
storing the six Cartesian components of each fragment, the
Cartesian coordinates of the expansion centers are updated
using the following transformations, which are invariant with
respect to the lab frame:13
Dri~DXm,Du m!5DXm1R~Du m!~ri2rm!, ~10!
where X and u are the translational and rotational coordi-
nates, respectively. The rotational matrix R is
R~Du m![eJ~Du
m!511
sin~ uDu mu!
uDumu
J~Du m!
1
12cos~ uDu mu!
~Du m!2
@J~Du m!#2, ~11!
1 is a unit matrix and J~Dum! is the first order rotation matrix,
J~Du m!5F 0 2Duzm DuymDuzm 0 2Duxm
2Duy
m Dux
m 0
G . ~12!
The Hessian H is updated by the BFGS14 and Powell15
schemes, in the search for minima and transition states, re-
spectively. The six overall translations and rotations are pro-
jected out from the Hessian during the optimization, using
the projection matrices given in the next subsection.
TABLE I. Statistics for repulsion parameter fitting.
Interaction energy ~kcal/mol!
,22 ,21 ,0 ,1 ,3 ,10 ,20 All
Nsample 35 64 93 112 143 168 177 192
Solute–Fragment
rmsa 0.34 0.66 0.57 0.56 0.60 0.91 0.97 4.06
errb 0.21 0.27 0.25 0.24 0.26 0.38 0.43 1.32
Fragment–Fragment
rms 0.11 0.14 0.13 0.15 0.23 0.36 0.58 2.87
err 0.08 0.08 0.08 0.08 0.10 0.17 0.24 0.74
arms5A( i(DE i)2/(Nsample21).
berr5uDE u/Nsample .
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The choice of the initial Hessian H0 can be critical for
effective geometry optimizations, especially for large species
with small amplitude motions. For small or medium size
systems a common practice is to compute the exact initial
Hessian from ab initio electron structure theory. However,
for large systems or in the absence of an analytic Hessian,
computing the exact Hessian may not be practical. Several
approaches have been proposed16,17 for formulating an initial
approximate Hessian. For EFP calculations, the following
choice for H0 is made:
H05FHA~x! 0 00 HT~X! 0
0 0 HR~u!
G . ~13!
HA is the analytically calculated Hessian for the AR without
the EFP, while HT and HR are the Hessians for translational
and rotational EFP coordinates, respectively, and are taken to
be diagonal
Hi j
T50.013d i j , ~14a!
Hi j
R50.033d i j , ~14b!
where d is the Kronecker delta. Equation ~14! would also be
useful for weakly interacting molecules with constrained in-
ternal geometries.
C. Intrinsic reaction coordinate
The intrinsic reaction coordinate ~IRC!, according to
Fukui,18 is the steepest descent path from saddle point to
minimum in mass-weighted ~MW! Cartesian coordinates.
The IRC, q(s), can be expressed in the differential form,
dq
ds 52
gM~S !
ugM~s !u , ~15!
where gM(s) is the gradient at s in MW Cartesian coordi-
nates. Usually, the MW coordinates are obtained by multi-
plying the mass matrixM by the Cartesian coordinate vector,
where M is a diagonal matrix containing the square roots of
the nuclear masses. For a system including the EFP’s, the
mass matrix is expressed as
M5FMA 0 00 MT 0
0 0 MR
G , ~16!
where MA is the submatrix for atoms in the AR and MT is
the submatrix for translational coordinates of the EFP’s.
Each block of MR, which corresponds to the rotational coor-
dinates of the EFP’s, is expressed as
Mm
R5@Im#1/2, ~17!
where Im contains the moments of inertia of the EFP and is
normally not diagonal in the lab frame. If the set of principle
axes of each EFP is used as an instantaneous body-fixed
frame, Eq. ~16! will become diagonal. If the coordinates are
transformed back to the lab frame, a result identical to Eq.
~10! will be obtained. For a linear rotor some special care is
needed to obtain Mm
R
. The MW gradient and Hessian can
then be obtained using the inverse matrix of M.
The Gonzalez–Schlegel second order algorithm19 was
employed to integrate Eq. ~15! to obtain the IRC for the
internal rotation of formamide in the presence of 0–4 water
molecules. We have extended the existing IRC code in
GAMESS to include the EFP part of the system. Since the
mass matrix for the EFP’s ~rigid rotors! varies during the
course of integration, the moments of inertia ~and thus the
mass matrix! of the EFP’s are evaluated at each structure for
which the gradient is calculated. This guarantees that the
MW gradient on the IRC is always tangent to the reaction
path. The Cartesian coordinates of the expansion centers are
updated via the back transformation of the MW displace-
ments to Cartesian displacements and then following the
transformation of Eq. ~10!.
The translational and rotational components of the Hes-
sian are removed during the constrained optimization, via the
projection method,20
Hp
M5@12P#HM@12P# , ~18!
where the projection matrix P is composed of the six unit
vectors corresponding to the translations and infinitesimal
rotations of the entire system.
Pig ,i8g85 (
l51
3
Lig ,l
Tr Li8g8,l
Tr
1 (
l51
3
Lig ,l
Rot Li8g8,l
Rot
. ~19!
Indexes i and i8 run over all Natm atoms and 2 Nfrg EFP’s,
and g and g8 run over Cartesian components (x ,y ,z). The
translational and rotational vectors L are
Lig ,l
Tr 5HAmi/Mdg ,l ~ i<Natm1Nfrg!,0 ~ i.Natm1Nfrg!, ~20a!
Lig ,l
Rot 5H (a ,b ~I0!l ,a21/2Ami~ri2r0!bea ,b ,g ~ i<Natm1Nfrg!
(
a
~I0!l ,a
21/2~Ii!a ,g
1/2
, ~ i.Natm1Nfrg!
~21b!
where M and I0 are the mass and moments of inertia of the
entire system, mi is the mass of the ith atom or the EFP, and
Ii are the moments of inertia of the EFP’s. ea,b,g is the usual
totally asymmetric Cartesian tensor.
D. Ab initio method and basis set
Internal rotation in formamide has been examined using
both full ab initio and EFP calculations for the 0–2 water
cases, while only EFP calculations were performed for the
3–5 water cases. For the purposes of this study, we chose the
modest Dunning–Hay21 double-zeta plus polarization ~DZP!
basis set to carry out the ab initio part of the investigation.
This choice is based on a balance between accuracy and
computational costs. Jasien et al.22 and Boggs and Niu23
have noted that inclusion of polarization functions reduces
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the formamide internal rotation barrier by a few kcal/mol,
while Wang et al.24 note that adding a second set of polar-
ization functions or extending the double-zeta basis to the
triple-zeta level has little effect on the predicted tautomeriza-
tion barrier of formamide with one water molecule. As dis-
cussed below, the present results for internal rotation in for-
mamide and the formamide–water complex are in good
agreement with the experimental measurements and the pre-
vious computational results obtained with the Dunning
correlation-consistent double-zeta plus polarization ~cc-
pVDZ! basis sets.25
E. Computational savings
The goal of developing the effective fragment potential
model is to carry out calculations that would not be feasible
by fully ab initio methods. Table II lists the computational
costs of a single energy evaluation and energy plus gradient
for formamide–water complexes, using full ab initio calcu-
lations and the EFP method. The calculations were carried
out on an IBM RS6000/370 workstation, using the conven-
tional SCF algorithm. Both CPU and wall clock require-
ments of the calculations are listed. Direct SCF calculations
for formamide plus four waters were also performed. As ex-
pected, the CPU requirement for the direct calculation is
larger than the wall clock time for the conventional method
~3950 vs 3790 s!. The number of basis functions for forma-
mide is 60. Each water contributes 25 basis functions to the
full ab initio calculations. As seen from the table, the time
required for an EFP energy calculation behaves linearly
with respect to the number of waters, and requires about four
more seconds ~both CPU and wall clock! for each additional
water. For the energy plus gradient calculations, the CPU
requirement of an additional water also increases linearly.
The time savings for formamide plus up to four waters are
factors of 4.1, 7.5, 10.9, and 13.9, respectively. Since SCF
calculations scale as the fourth power of the number of basis
functions, the time saving should increase dramatically when
more EFP’s are included in the calculations.
TABLE III. Geometry parametersa of formamide equilibrium structure and internal rotation transition state.
Min TS
SCFb MP2c Expt.d SCFb MP2c
C–N 1.353 1.354 1.371 1.376 1.352 1.428 1.428 1.447
C–O 1.196 1.190 1.217 1.193 1.219 1.187 1.181 1.210
C–H 1.092 1.101 1.115 1.102 1.098 1.089 1.098 1.111
N–H1 0.992 0.997 1.012 1.002 1.002 1.004 1.010 1.027
N–H2 0.995 1.000 1.015 1.014 1.002 1.004 1.010 1.027
N–C–O 125.0 125.0 125.1 123.8 124.7 125.0 125.2 125.8
N–C–H 112.8 112.5 111.6 113.2 112.8 113.6 113.4 112.4
C–N–H1 121.2 120.2 118.8 120.0 118.5 108.6 107.5 105.4
C–N–H2 119.2 118.0 116.5 117.1 118.5 108.6 107.5 105.4
H–C–N–O 180.0 180.0
H1–N–C–O 2179.8 57.5
H2–N–C–O 0.4 57.5
aBond lengths in Å and angles in degree.
bThe first column is SCF/DZP and the second column is SCF/cc-DZP from Ref. 24.
cMP2/cc-DZP from Ref. 24.
dThe first column from Ref. 26 and the second column Ref. 27.
TABLE II. Ab initio ~HF/DZP! vs effective fragment timings ~s!.
System
Number of
basis functions
Energy Gradient
CPU Wall clock CPU Wall clock
Ab EFP Ab EFP Ab EFP Ab EFP
Formamide
60 35 38 88 93
Formamide1water
85~60! 139 40 442 46 271 131 575 138
Formamide1two water
110~60! 331 43 1112 51 584 172 1366 181
Formamide1three water
135~60! 596 47 2034 56 982 214 2421 223
Formamide1four water
160~60! 964 51 3254 60 1494 254 3788 273
11085W. Chen and M. S. Gordon: Effective fragment model for solvation
J. Chem. Phys., Vol. 105, No. 24, 22 December 1996
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
129.186.176.217 On: Wed, 02 Dec 2015 15:05:24
FIG. 2. Geometries of the global minimum structures and transition states connecting with the global minimums for the formamide–water complexes. ~a!–~e!
correspond to the complexes with 1–5 waters.
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III. RESULTS AND DISCUSSION
A. Molecular structures
The geometries for the formamide equilibrium structure
and internal rotation transition state are well known. The
MIN structure has C1 symmetry, while the TS has Cs sym-
metry. The SCF/DZP geometry parameters are compared
with the previous calculations24 and experimental
measurements26,27 in Table III. The differences between
SCF/DZP and MP228 cc-pVDZ or experimental results are
very small, on the order of 0.01 Å for bond lengths and 1°
for bond angles. Adding waters to formamide to form
formamide–water complexes has only a very small effect on
the internal geometries of both Min and TS, as has been seen
in many hydrogen-bonding complexes.29 The essential fea-
tures for the corresponding global minimum structures
~GMIN! and transition states connecting with GMIN for the
complexes containing 1–5 waters are shown in Fig. 2. Com-
plete geometries in Cartesian coordinates for all complexes
with either full ab initio or EFP waters are available as
supplementary material. For the ab initio structures ~with
1–3 waters!, geometries are given for both full optimizations
and for optimizations in which the internal water geometry
has been fixed at that of the isolated water molecule, since
EFP waters have fixed internal geometries. Freezing the in-
ternal water geometries seems to have only a small effect. In
general, the EFP geometries are in reasonable agreement
with the ab initio ones, with bond lengths and bond angles
within 0.05–0.08 Å and 5°–10°, respectively. The agreement
seems to improve as the number of water molecules in the
system increases.
As seen in Fig. 2, the GMIN for the complexes contain-
ing up to 3 waters have cyclic structures, with the two ends
of the formamide molecule ~NH at one end and CvO at the
other end! connected by a linear sequence of n waters. For
the formamide: ~H2O!n ~n54, 5! complexes, the minimum
energy complexes ~GMIN! are somewhat different @Figs.
2~d!–2~e!#. The water molecules are still on one side of the
formamide molecule, but these waters themselves form a
cycle, such that only two of the waters are hydrogen bonded
to formamide. The formamide complex structures with four
TABLE IV. Internal rotation energetics of formamide with water ~kcal/mol!.
Water
DZP CCDZPa
E H0b E
H0
SCFSCF MP2 MP4 EFP SCF EFP SCF MP2 CISD
0 15.6 16.4 15.5 15.3 14.9 15.5 14.4 14.5
1 18.1~18.1!c 19.7 18.8 17.9 17.1 16.7 17.5 19.0 18.0 16.5
2 19.3~19.2! 21.3 20.4 19.1 17.9 17.5
3 19.5~19.4! 21.5 20.6 19.3 18.1 17.8
4 20.5 23.0 20.3 19.0 18.5
5 20.2 18.4
aFrom Ref. 24.
bThe zero-point energies are not scaled.
cData in parentheses are obtained with constrained internal water geometry at the structure of isolated water molecule.
TABLE V. Comparison of vibrational frequencies.
System
Imaginary
frequencyc
ZPEa,b rms ~nab2nEFP!c
Min TS Min TS
Formamide
503i 0.0 0.0
Formamide1water
All ab initio 492i 2.6 1.8
EFP water 496i 2.9 1.9 23 17
Formamide1two water
All ab initio 482i 5.4 4.3
EFP water 484i 6.0 4.8 19 16
Formamide1three water
All ab initio 488i 7.6 6.5
EFP water 486i 8.6 7.4 18 13
Formamide1four water
All ab initio 480i 10.6 9.4
EFP water 481i 12.0 10.6 17 15
aZero-point energy difference between formamide–water complex and isolated formamide and water.
bIn kcal/mol.
cIn cm21.
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or five waters that are analogous to those shown in Figs.
2~a!–2~c! for the complexes with 1–3 waters also exist on
the potential energy surface, but are 1 kcal/mol higher ~for
both EFP and ab initio waters! than the GMIN shown in
Figs. 2~d! and 2~e!. The same is true for the transition state
structures shown below. Since our main intent here is to test
the reliability of the effective fragment method, we focus on
lowest energy structures.
B. Internal rotation barriers and vibrational
frequencies
The essential features of the internal rotation energetics
and vibrational frequencies are summarized in Tables IV and
V, respectively. The EFP barrier heights, both in absolute
and relative terms, are in excellent agreement with the full ab
initio results. Both levels of theory ~full ab initio and EFP
water! predict a significant ~.2 kcal/mol! increase in the
barrier height upon the introduction of the first water. This is
also in agreement with the previously reported ab initio
calculations.24 Addition of a second water causes a smaller
~'1 kcal/mol! increase in the barrier height, and addition of
the third water results in a very small ~'0.2 kcal/mol! in-
crease in the barrier. However, addition of the fourth water
causes approximately a 1 kcal/mol increase in both the EFP
and ab initio barrier height. This relatively large change may
be related to the change in geometry noted above, upon go-
FIG. 3. The minimum energy paths for the formamide–water complex in-
ternal rotation, ~a!–~e! correspond to the complexes with 0–4 waters.
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ing from three to four waters. @As noted earlier for four wa-
ters there is a geometry that looks like those found for 1–3
waters @Figs. 2~a!–2~c!#, but the structure is predicted to be
higher in energy by both the ab initio and EFP calculations.#
For five waters, the EFP method predicts a geometry that is
very similar to that for the four water case, and the five water
barrier is virtually the same as that for four waters. So, it
appears that the effect of solvation on the predicted barrier
height for formamide is saturated by 4–5 waters.
It is of interest to explore the effect of correlation on the
energy results discussed above. This was explored with the
DZP basis set by performing both MP228 and MP429 calcu-
lations at the SCF geometries. For formamide itself, the MP2
and MP4 barriers are 16.4 and 15.5 kcal/mol, compared with
the SCF value of 15.6 kcal/mol. For the formamide–water
complex, the MP2 and MP4 barriers are 19.7 and 18.8 kcal/
mol, compared with the 18.1 kcal/mol SCF barrier height.
Similar results are found as additional waters are added: The
more reliable MP4 barrier is approximately 1 kcal/mol
higher than the SCF and fragment barriers. So, the addition
of correlation corrections has only a small effect, and the
discussion of the SCF results appears to be quite reasonable.
Note that the experimental value for the formamide internal
rotation in aqueous solution is 21.361.3 kcal/mol.31 Based
on the information about the effect of electron correlation, it
is likely that the SCF and EFP limit will be about 2 kcal/mol
too low. Adding the expected MP4 correction of ;1 kcal/
mol will bring the calculations into very good agreement
with experiment.
Table IV also lists the previous results using the cc-
pVDZ basis set.24 The effect of correlation corrections for
the barrier heights in formamide and formamide–water com-
plexes is similar for this basis set, although the absolute val-
ues are slightly lower.
The label DZPE in Table V summarizes the difference in
zero-point vibrational energies ~ZPE! for the complex, rela-
tive to the separated molecules. This provides one measure
of the quality of the predicted vibrational frequencies. A sec-
ond such measure is the rms deviation of the vibrational
frequencies, relative to the ab initio frequencies. These rms
deviations are also summarized in Table V. Both of these
comparisons suggest that the EFP and ab initio results are in
excellent agreement. Since average and rms deviations can
be misleading, it is worth noting that for the formamide:
~H2O! complex, nearly all EFP frequencies are within 30–40
cm21 of the corresponding ab initio values, the largest fre-
quency error is 80 cm21, and the imaginary frequency that
corresponds to the internal rotation is 492i cm21 ~ab initio!
and 496i cm21 ~EFP!. Similar comments apply to the forma-
mide: ~H2O!2 , formamide: ~H2O!3 and formamide: ~H2O!4
complexes. In particular, the imaginary frequencies are con-
sistently within 4 cm21 of their ab initio counterparts. The
complete sets of vibrational frequencies are available as
supplementary material.
C. Minimum energy paths
The minimum energy paths ~MEP! for the formamide
internal rotation are shown in Fig. 3 for formamide: ~H2O!n ,
n50–4. First, note that there is excellent agreement between
the EFP and ab initio reaction paths. This is very encourag-
ing, since it suggests that predictions using the EFP method
that are related to dynamics are likely to be reliable. An
increasing distortion appears ~in both the EFP and ab initio
paths! on the product side of the MEP, as the number of
water molecules is increased. This may be understood by
examining the structures along the MEP for the two water
case, shown in Fig. 4. In the reaction channel, as the forma-
mide molecule begins to rotate, the essential hydrogen bond-
ing interaction is maintained. However, as the transition state
is passed and the system enters the product channel, this
hydrogen bonding interaction is temporarily lost. This results
in a rather flat portion of the path. One expects that this
behavior, especially the apparent asymmetry of the MEP,
will disappear as the number of water molecules is increased.
IV. CONCLUSIONS
The internal rotation of formamide with 0–5 water mol-
ecules oriented along the N–C bond has been studied by the
full ab initio self-consistent field theory and using the effec-
tive fragment method. For each case, the EFP geometries,
harmonic vibrational frequencies, rotational barriers, and in-
trinsic reaction coordinates for the internal rotation are found
to be in excellent agreement with their ab initio counterparts.
The global energy minimum structures for four and five wa-
ter complexes are predicted to be formamide bonded to two
adjacent waters, with all water molecules in a ring. Probably
due to the structural constraints, the complexes containing
less than four waters have cyclic structures with the two ends
of formamide connected by a sequence of water molecules.
The internal rotation barrier of formamide–water com-
plexes increases from 15.3 kcal/mol with no water to 19.0
kcal/mol with four waters and seems to saturate at four to
five waters. When electron correlation corrections are added,
the estimated internal rotation barrier is ;20 kcal/mol, in
very good agreement with experimental measurements.
The effective fragment model appears to be a powerful
tool for the study of chemical reactions in solvation, requir-
FIG. 4. Rotational isomerization of formamide–water complex.
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ing much less computer resources than fully ab initio
calculations.32
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